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osting by EAbstract Global warming is occurring at an alarming rate and predictions are that air temperature
(Ta) will continue to increase during this century. Increases in Ta as a result of unabated production
of greenhouse gases in our atmosphere pose a threat to the distribution and abundance of wildlife
populations worldwide. Although all the animals worldwide will likely be affected by global warm-
ing, diurnal animals in the deserts will be particularly threatened in the future because Tas are
already high, and animals have limited access to water. It is expected that Saudi Arabia will expe-
rience a 3–5 C in Ta over the next century. For predicting the consequences of global warming for
animals, it is important to understand how individual species will respond to higher air tempera-
tures. We think that populations will not have sufﬁcient time to make evolutionary adjustments
to higher Ta, and therefore they will be forced to alter their distribution patterns, or make pheno-
typic adjustments in their ability to cope with high Ta. This report examines how increases in Ta
might affect body temperature (Tb) in the animals of arid regions. We chose three taxonomic
groups, mammals, birds, and reptiles (Arabian oryx, Arabian spiny-tailed lizard, vultures, and hoo-
poe larks) from Saudi Arabia, an area in which Ta often reaches 45 C during midday in summer.
When Ta exceeds Tb, animals must resort to behavioral and physiological methods to control their4 688 5703; fax: +1 614 292
u (J.B. Williams).
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122 J.B. Williams et al.Tb; failure to do so results in death. The observations of this study show that in many cases Tb is
already close to the upper lethal limit of around 47 C in these species and therefore allowing their
Tb to increase as Ta increases are not an option. We conclude that global warming will have a det-
rimental impact on a wide range of desert animals, but in reality we know little about the ability of
most animals to cope with change in Ta. The data presented should serve as base-line information
on Tb of animals in the Kingdom for future scientists in Saudi Arabia as they explore the impact of
global warming on animal species.
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The world’s population has reached seven billion people (Tol-
lefson, 2011). The impact that these staggering numbers of
people will have on earth is the subject of considerable debate,
but it is clear that as requirements for food, electrical power,
and transportation increase, we will increase our usage of fossil
fuels. Many ﬁnd it difﬁcult to comprehend that human activity
can affect a system as large as earth’s climate, but burning of
fossil fuels and production of domestic animals for food result
in the addition of large quantities of gases like CO2 and meth-
ane into our atmosphere. Currently, we emit over 29 billion
metric tons of CO2 in our atmosphere each year (Boden et
al., 2009). Most climatologists agree that the increase in green-
house gases in our atmosphere is causing an increase in air
temperature (Ta) and that future increases in Ta pose a clear
and present danger to the distribution and abundance of ani-
mal and plant populations worldwide (Thompson, 2010). Even
though a large number of people doubt the reality of global
warming, and others simply choose to ignore it, the increase
in the earth’s air temperature over the last 100 years seems
incontrovertible, as does the fact that these increases are not
a result of natural phenomena (Thompson, 2010; Oerlemans,
2005; Thompson et al., 2009; Briffa et al., 2002; Crowley and
Lowery, 2000; Moberg et al., 2005). In the decades to come,
if they are to survive, species will need to alter their distribu-
tion patterns, change their behavior patterns, and/or make
adjustments in their physiology, either by short-term acclima-
tion through phenotypic ﬂexibility or by longer-term evolu-
tionary shifts in physiological phenotype by means of natural
selection (Angilletta, 2009; Chown et al., 2010).For larger animals with long generation times, it is doubtful
that evolutionary adaption will be a solution to global warm-
ing: there will not be sufﬁcient time for new adaptations to ap-
pear that will allow living at such high Ta. If scientists are to
predict the consequences of global warming for animals, we
will need to understand how individual animals will respond
to higher air temperatures through phenotypic ﬂexibility (Po¨rt-
ner and Farrell, 2008; Somero, 2011).
In this commentary we will brieﬂy examine the evidence for
and causes of global warming, comment on how increases in
Ta will affect the control of body temperature in animals of
Saudi Arabia, an area that already has extremes in Ta during
the day, and then speculate on the impact of increases in Ta
for animals in Saudi Arabia. We end the paper by pointing
out how little we know about the ability of animals to adjust
to higher temperatures, and a plea for scientists in Saudi Ara-
bia to study the impact of increasing Ta on animals in the
Kingdom.
2. Evidence for global warming
The leading international body for the assessment of climate
change, the Intergovernmental Panel on Climate Change
(IPCC) produced a synthesis report in 2007 that concluded
‘‘warming of the climate system is unequivocal, as is now evi-
dent from observations of increases in global average air and
ocean temperatures, widespread melting of snow and ice and
rising global average sea level’’ (Fig. 1). To further emphasize
how the planet is warming, the IPCC pointed out that eleven
of the last twelve years (1995–2006) ranked among the warm-
est years on record.
Figure 1 Observed changes in (a) global average surface temperature; (b) global average sea level from tide gauge (blue) and satellite
(red) data; and (c) Northern Hemisphere snow cover for March–April. All differences are relative to corresponding averages for the period
1961–1990. Smoothed curves represent decadal averaged values while circles show yearly values. (IPCC Synthesis Report, 2007).
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(Fig. 1b). Global average sea level rose at an average rate of
1.8 mm per year over 1961–2003, and at a rate of about
3.1 mm per year from 1993 to 2003. More than half of the in-
crease in sea level can be attributed to the thermal expansion of
ocean water whereas about 30% came from melting of glaciers
and polar ice sheets. Satellite data since 1978 show that the ex-
tent of the annual average Arctic sea ice has shrunk by 2.7%
per decade, with larger decreases in summer of 7.4% per dec-
ade. The maximum areal extent of seasonally frozen ground
has decreased by about 7% in the Northern Hemisphere since
1900 (Fig. 1c), with decreases in spring of up to 15%.
Glacial ice atop mountains the world over is rapidly melting
(Thompson, 2010). Since 1912, 85% of the ice on the African
mountain Kilimanjaro has melted, visible evidence of warming
in Ta (Thompson et al., 2009). In 1910, there were 100 glaciers
in Glacier National Park in Northern USA. In 2011 there re-
main 26 glaciers, and by 2030, it is projected that all glacial
ice will have melted in this park. It is difﬁcult to draw any
other conclusion than our planet is warming at an alarming
rate. The melting of glacial ice embodies the ‘‘canary in the coal
mine’’, and signals a portent of physiological problems foranimal populations as they are faced with the consequences
of increases in Ta. In the decades to come, species will need
to make adjustments in their physiology, especially adjust-
ments that allow maintenance of normal body temperature
(Tb) as Ta increases, either by short-term acclimation or by
longer-term evolutionary shifts in physiological phenotype
(Angilletta, 2009; Chown et al., 2010).
3. Causes of global warming
Global warming is related to the increase in emission green-
house gases into our atmosphere, such as carbon dioxide,
methane, nitrous oxide, and ozone (Fig. 2). Although the evi-
dence that our globe is warming seems incontrovertible, the
causes of global warming are less certain and currently hotly
debated. Many of the arguments against anthropogenic causes
of global warming are rooted in economic or political gain,
rather than scientiﬁc reasoning. Some argue that our current
trend in climate warming is the result of natural variation in
Ta, rather than caused by human activity. Close scrutiny of
the data contradicts such arguments and points to anthropo-
genic causes for our current exposure to unusually warm Tas
Figure 2 (A) The increase in atmospheric carbon dioxide
measured at Mauna Loa, Hawaii. Units are parts per million
per volume. From http://www.esrl.noaa.gov/gmd/ccgg/trends/B.
The increase in methane gas in the atmosphere. Units are parts per
billion. From the European Project for Ice Coring in Antarctica,
which has recorded a history of CO2 and methane levels preserved
in bubbles in the ice (Loulergue et al., 2008; Lu¨thi et al., 2008).
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genic warming over the last three decades has likely had a dis-
cernible inﬂuence at the global scale on observed changes in
many physical and biological systems’’. This report goes on
to say that ‘‘warming is unlikely to be due solely to natural var-
iability of temperatures’’.
4. Global warming in Saudi Arabia
Animals the world over will be impacted by global warming,
but because they already face high Tas and intense solar radi-
ation, and do not have access to water, diurnal animals in the
deserts of Saudi Arabia are particularly threatened (Louw and
Seeley, 1982; Williams and Tieleman, 2005; Williams et al.,
2012). Simulations for climate change in Saudi Arabia predict
that daily Ta will increase by 3–5 C by the end of the 21st cen-
tury, but rainfall patterns will remain the same (Al Zawad,
2008). Most desert animals resident in the Kingdom are
non-migratory, and thus will be forced to cope with increasesin Ta if they are to survive. In Saudi Arabia, Ta often reaches
45 C during midday in summer and soil surface temperatures
now regularly exceed 60 C (Tieleman et al., 2003).5. Normal body temperatures
Predictions of the biological impacts of climate change require
information on deviations in environment, such as Ta, solar
radiation, and wind, as well as knowledge about body temper-
ature, physiology, and behavior of species (Angilletta, 2009;
Kearney et al., 2009). Under normal conditions, body temper-
ature for many mammals and birds is regulated within narrow
limits over a broad range of Tas, for mammals around 36–
37 C, and for birds near 41–42 C (McNabb, 1966, White
et al., 2006; Clarke and Rothery, 2008). Lizards are ecto-
therms, and therefore mainly regulate their Tb behaviorally
and to a lesser extent by physiological means. Tbs typically
range from 20 to 40 C in the ﬁeld for most species (Huey
et al., 2009). When ambient temperatures exceed normal Tb,
as are predicted to occur in Saudi Arabia, animals must resort
to behavioral and physiological methods to control their Tb,
such that it does not increase to lethal levels. Failure to control
body temperature can result in the loss of muscle coordination
and eventually death. Unfortunately we know little about how
desert animals control their body temperature below lethal
levels.6. Upper lethal body temperature
The upper lethal body temperature of complex multicellular
animals is thought to be around 47 C (Po¨rtner, 2002; Po¨rtner
and Farrell, 2008). The ‘Pompeii worm’, thought to be the
‘most thermotolerant eukaryote on earth’ (Desbruye`res
et al., 1998), because it can be exposed to temperatures as
low as 2 C and as high as 105 C in hydrothermal deep sea
vents for short periods, will likely not live long-term beyond
31 oC (Dahlhoff and Somero, 1991). The upper thermal limit
of nematodes is around 45–47 C, which is considered the
upper temperature limit of continuous inhabitation by these
animals (Nicholas, 1984). A desert ant can tolerate a Tb of
53.6 C, but only for brief periods (Wehner et al., 1992). The
average upper thermal limit for insects was evaluated as
47.4 ± 0.4 C (Addo-Bediako et al., 2000). In general, body
temperatures beyond 47 C are tolerated only temporarily by
metazoans (Schmidt-Nielsen, 1997). For some birds and mam-
mals, this upper limit for Tb may even be lower, around 43–
44 C (Bligh, 1985).
Increases in Ta and in soil surface temperature associated
with climate change in Saudi Arabia will undoubtedly chal-
lenge populations of animals in the future because they must
maintain their Tb below the upper lethal limit. Desert animals
control their Tb below their upper lethal limit by evaporative
cooling when Ta is above Tb, which may challenge their fragile
water economy, or behaviorally such as by burrowing under-
ground or seeking deep shade. Avoidance of high Ta behavior-
ally often restricts foraging time, and consequently food
intake, which impacts survival (Sinervo et al., 2010). Given
that control of Tb will be a signiﬁcant component of an ani-
mal’s response to global warming, we explore what we know
of Tb for free-living animals of Saudi Arabia.
Figure 3 Mean body temperature of six free-ranging Arabian
Oryx as a function of time of day. Means ± S.D. for 59 days and
12 nights between May 1998 and September 2001 (Ostrowski
et al., 2002b).
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The Arabian oryx (Oryx leucoryx), a desert antelope (body
mass, 80–100 kg) that once ranged throughout most of the
Arabian Peninsula, was extirpated from the wild by 1972
(Henderson, 1974). In 1990, Arabian oryx were reintroduced
into Mahazat as-Sayd, a large protected area 160Ækm north-
east of Taif, Saudi Arabia. The population has increased sig-
niﬁcantly and now numbers >600 individuals (Ostrowski
et al., 1998; Treydte et al., 2001). Arabian oryx can live with-
out access to drinking water in deserts (Williams et al.,
2001), including the Rub al-Khali, one of the driest regions
in the world (Meigs, 1953). Survival of oryx in such harsh
areas is noteworthy when one considers its large size, its inabil-
ity to shelter in burrows and that herbivory is typically associ-
ated with high rates of water turnover (Nagy and Peterson,
1988). Arabian oryx have one of the lowest mass-speciﬁc
water-inﬂux rates among ungulates living in hot environments:
76.9% below allometric prediction in summer (Nagy and Pet-
erson, 1988; Williams et al., 2001; Ostrowski et al., 2002a,b).
During the hot Arabian summer, Oryx on average consumed
1310 mL H2O per day in their food, whereas in spring when
the vegetation contained more water, they consumed
3438 mL H2O per day (Ostrowski et al., 2003).Ostrowski et al. (2003) measured core Tb of six free-rang-
ing, adult Arabian Oryx during 2 years in the arid desert of
West-Central Saudi Arabia. They found that oryx varied their
Tb by 4.1 ± 1.7 C per day during summer (June to Septem-
ber), a phenomenon called heterothermy (Fig. 3). Hence, Oryx
stored heat in their body during the summer day, which could
be dissipated during the night without using water to evapo-
ratively cool themselves. Over the entire year, mean Tb was
38.4 ± 1.3 C. In this study, daily variation in Tb appeared
to reﬂect thermal load (Ta,max–Ta,min) rather than an endog-
enous rhythm. Oryx used behavioral thermoregulation to cope
with thermal stress during summer: animals lay down in shade
in the morning shortly before Ta exceeded Tb and remained
there until evening when Tb–Ta became positive. Oryx saved
a minimum of 280 mL H2O per day and 110 mL H2O per
day in summer and winter, respectively, by allowing their body
to store heat during the day and dissipate it at night by non-
evaporative means. Without heat storage in summer, Ostrow-
ski et al. (2003) estimated that Oryx would have to increase
their water intake by 19%, a requirement that would be difﬁ-
cult to meet in their desert environment.
How will Oryx respond to increases in Ta during the next
century? If increases in Ta are 3–5 C as the models predict,
then daytime and nighttime temperatures that Oryx experience
will be higher. Hence, they will not be able to reduce their Tb as
low at night as they do now, with the consequence that they
would not be able to store as much heat during the day. With
higher Tas, Oryx will likely be forced to use more water to ther-
moregulate as their environment warms.
In addition, during summer Oryx feed at night when the rel-
ative humidity is higher than during the day. Foraging at night
allows them to avoid the extremes of daytime solar radiation
and Ta, and to obtain more water in the grasses that they
eat. At night, when Ta is lower and relative humidity higher,
the grasses that they eat contain more water (Fig. 4). To dem-
onstrate the hygroscopic nature of desert plants, Taylor (1968)
dried the leaves of Diasperma sp., a desert plant, and then
placed the leaves at 17 C-85% RH, 23 C-39% RH, and
40 C-17% RH. He noted that the leaves at the highest relative
humidity and lowest temperature gained the most moisture.
This demonstrated that desert plants are hygroscopic, and that
the best time for desert ungulates to feed would be in the early
morning hours before dawn when plants contain the most
water. As the global temperature warms, Ta will increase at
night, and humidity will decrease. This will result in Oryx
obtaining less water in the grasses that they eat. With less
water intake, but a higher water requirement to thermoregu-
late, we doubt that Oryx will survive in Mahazat short of inter-
vention by man. Providing food and water to Oryx may be
necessary, but also it removes their ‘‘wild animal’’ status,
and reduces them to captive zoo animals. It then will become
an economic and/or political issue of whether government ofﬁ-
cials will be willing to supply food and water to them.
8. Arabian spiny-tailed lizard
Reptiles are common in deserts and semi-deserts across the Ara-
bian Peninsula. Some of them (like members of the Agamidae,
Lacertidae and Varanidae) are typically heliotherms that bask
in direct sun to attain physiologically activeTbs, whereas others,
like most members of the Gekkonidae and Trogonophidae, are
Figure 4 Leaves of Disperma sp. were dried to constant mass at 110 C and then placed at 19 C at 85% RH, or 23 C and 39% RH, or
40 C and 17% RH. The ﬁgure demonstrates the hygroscopic nature of leaves and the time required for equilibration. (From Taylor,
1968).
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Figure 5 Maximum and mean body temperature of adult
Uromastyx lizards in Mahazat protected area during July–
September, 2006. N= 6 individuals.
126 J.B. Williams et al.nocturnal and exhibit Tbs not signiﬁcantly different from the
nighttime environment. Activity at high Tas can elevate Tb
above the critical maximum leading to death (Porter, 1989).
As ectotherms, reptiles control their Tb mainly by means of
behavioral adjustments, for example, by changes in daily activity
rhythms, shuttling in and out of direct sun, darkening their skin
coloration to absorb more solar radiation when its cooler, or
panting to evaporatively cool themselves, or retreating into bur-
rowswhen environmental heat load becomes extreme.However,
spending time in underground thermal refuges limits foraging,
constraining functions like growth and reproduction, and there-
by may undermine population growth rates and raising extinc-
tion risk (Sinervo et al., 2010). Relative to birds and mammals,
ectotherms, like lizards, are thought to be especially sensitive
to changes in environmental temperature (Porter and Gates,
1969; Deutsch et al., 2008; Huey et al., 2010), and as such, they
are considered to be good indicator organisms for ecosystem
monitoring (Sinervo et al., 2010).
A large (2000–2500 g), diurnal, primarily herbivorous liz-
ard, the Arabian spiny-tailed lizard (Uromastyx aegyptia
microlepis) or Dabb lizard, occurs throughout much of the
Arabian Peninsula. In spring these lizards are active between
8:00–10:00 h and 15:00–18:00 h), but less active during the hot-
test part of the day (Wilms et al., 2011). However, during mid-
day large adults are often seen outside of their burrows in full
sun suggesting that high Tas force juveniles and subadults
underground, where temperatures are cooler, whereas larger
individuals can withstand higher Ta, at least up to a point
(Wilms et al., 2009).
The Tb of adult Uromastyx was studied in Mahazat as-Sayd
during 2006 and 2007 using small data loggers implanted into
the peritoneal cavity of free ranging lizards (Wilms et al., 2011)(Fig. 5). During July to September, 2006, maximum Tb
achieved by ﬁeld-active Uromastyx often reached 46 C during
midday, and for one lizard was 47.2 C, near the presumed
upper lethal limit for vertebrates. For an animal that does
not control its body temperature by metabolism, as does an
endotherm, average Tb was remarkably constant for
Uromastyx during summer, around 37–38 C. Some other des-
ert lizards are capable of withstanding body temperatures near
50 C under laboratory conditions for short periods of time
(Ulmasov et al., 1999), but it is not known if this also applies
to Uromastyx.
Mean T
Climate change and animals in Saudi Arabia 127Operative temperature (Te) is a measurement of the actual
temperature experienced by an animal, and includes properties
of Ta, solar radiation, and wind, as well as properties of the
animal such as surface area and skin color (Bakken et al.,
1985). It is typically measured using physical models of the ani-
mal such as a copper cast or taxidermic mount placed through-
out the environment. This information provides a picture of
the possible thermal niche available to the animal. When Te
was measured for models of Uromastyx, it ranged between
14.3–61.8 C (spring) and 19.5–63.4 C (summer). Within bur-
rows, Te ranged between 28.6–34.1 C in spring and 35.5–
37.8 C in summer. Hence when Te soars above 60 C on the
soil surface in Mahazat, Uromastyx can ﬁnd a thermal refuge
below ground (Wilms et al., 2011). During winter Uromastyx
are active from about 11:00–15:00 h, only about 20% of sum-
mer activity levels. During winter, Te available to the animals
ranged from 1.2 to 44.4 C.
From these studies, it is clear that summer is the time of the
year when lizards experience the highest level of potential heat
stress. In summer, when Te approached 60 C, and plants were
becoming dry, lizards drastically lowered their above ground
activity not only to escape the heat outside their burrows,
but also to conserve body water. It has been shown, that the
lizards selected areas with signiﬁcantly higher moisture content
in burrows during the night in summer, indicating some level
of water stress for Uromastyx at this time (Wilms et al., 2010).
The effect of climate warming on Uromastyx has been as-
sessed by Wilms et al. (2011) who developed a climate model
to predict the impact of global warming on populations of
Uromastyx. The temperature increase of 3–5 C predicted by
climate models for Saudi Arabia will likely affect the activity
patterns and thermoregulation of these lizards, and will also
interfere with the general ecology of the species. Lizards will
be conﬁned below ground for longer periods of time, thus
affecting their growth and reproduction. The model suggested
that Uromastyx will still be found on most of the Arabian Pen-
insula at the end of this century, but the model also predicted a
remarkable decrease of environmental suitability for these liz-
ards of up to 70–80% (Wilms et al., 2011). We suspect that
Uromastyx will disappear from many regions on the Arabian
Peninsula as global temperatures increase.Time of Day (h)
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Figure 6 Mean, minimum, and maximum average Tb of vulture
chicks during the entire nesting cycle. (Shobrak unpubl.).9. Vultures
Weighing nearly 9 kg and with a wing-span of 2.75 meters, the
lappet-faced vulture (Torgos tracheliotus) is the largest of the
old world vultures found in Africa and the Arabian Peninsula
(Mundy et al., 1992; Newton and Shobrak, 1993). These vul-
tures were ﬁrst recorded in Saudi Arabia in 1947, and now
number around 600 pairs, an increase coincident with the
establishment of protected reserves in the Kingdom (Newton
and Shobrak, 1993; Newton and Newton, 1996). Lappet-faced
vultures in Saudi Arabia are listed on the IUCN Red list as
Vulnerable to extinction (Shobrak, 1996; BirdLife Interna-
tional, 2000). Because they eat and recycle nutrients from
decaying animal material, these birds play a major role in
the desert ecosystem. Houston (1974) estimated that in the Ser-
engeti, 85% of the diet of lappet-faced vultures came from the
carcasses of animals which had died from disease or starva-
tion, but Shobrak (1996) thought that their diet was mostly
dead domestic animals in Saudi Arabia. Like all vultures,lappet-faced vultures require several years to reach sexual
maturity and, because they generally lay one egg per year, have
a low reproductive rate (Houston, 1980; Mundy et al., 1992).
Hence this species is particularly vulnerable to any changes
in their environment that might impact their reproductive
success.
Lappet-faced vultures build their nests atop Maerua and
Acacia trees typically in winter (December) when Tas are rela-
tively low in the desert, and incubate their eggs for about
56 days, with eggs hatching in March–April, when Ta is begin-
ning to increase (Brown, 1986; Bridgeford et al., 1995; Fergu-
son-Lees and Christie, 2001). Chicks remain in the nest for ca.
125 days exposed to the sun and higher Tas during late spring
and summer and therefore often need to be shaded by parents
during the midday. One or the other parent stays at the nest
continuously until the chicks ﬂedge, to ward of potential pre-
dators, and to protect the chick from the sun (Shobrak,
1996). Given their full exposure to the desert sun, and their
threatened status, a study of the Tb of lappet-faced vultures
should produce important baseline information to address
how these birds might respond to global warming.
Shobrak et al. (unpubl.) implanted temperature-sensitive
data loggers into the peritoneal cavity of young vulture chicks
in Mahazat in 2004–2008, and monitored their Tb as they
grew. They found that the mean core Tb of the nestlings im-
planted with data loggers was 39.1 ± 0.68 C, and the mini-
mum and maximum Tb recorded were 37.6 ± 0.6 C and
41.1 ± 0.8 C, respectively. Hence the body temperature of
chicks varied only a few degrees, from 38–41 C, despite chicks
being located on the tops of trees in the desert (Shobrak et al.,
unpubl., Fig. 6). Nestlings maintained their Tb by adjusting
their orientation to the direct sun or they were shaded by the
parent (Shobrak, 2001; Shobrak unpublished data). Shading
of young nestlings by adults was critically important for their
survival: one 10-day old nestling died after the adult left the
nest and chick Tb reached 42.6 C. Older chicks were able to
survive body temperatures of at least 44 C.
Gauging the response of vultures to global warming is dif-
ﬁcult because we know so little about upper lethal limits of Tb
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Figure 7 Average soil surface temperature (open squares),
operative temperature of hoopoe lark copper models (open
triangles), and air temperature (closed circles) in Mahazat during
summer (Tieleman and Williams, 2002).
128 J.B. Williams et al.for chicks or adults. We also know nothing of how vultures
can evaporatively cool themselves during the heat of the day.
For young chicks, the upper lethal Tb seems to be around
43 C, but for older chicks somewhat higher. We suspect that
as Ta increases in Saudi Arabia, adults will be forced to spend
more time away from the chicks, and hence chick mortality
may increase, especially during the ﬁrst few days of life. With
a reproductive rate that is already low, we doubt that the lap-
pet faced vulture will be able to survive an increase in Ta of 3–
5 C in Saudi Arabia.
10. Hoopoe larks
Hoopoe larks (Alaemon alaudipes) are small (45 g) ground-for-
aging birds of the Arabian Desert with a diet that consists
mainly of insects and spiders. Drinking water is not available
to them except for short periods after rains, so they obtain
all of their preformed water from their food. Hoopoe larks
breed in Mahazat from February to June in years when ade-
quate rainfall has occurred. If rains do not fall in spring, Hoo-
poe Larks will forego breeding until the following year.
Hoopoe larks in Mahazat defended territories with a mean size
of 0.41 ± 0.18 km2 (N= 9) (Tieleman and Williams, 2002).
Pairs remain together throughout most of the day, mutually
calling while foraging or resting in shade.
BecauseHoopoe larks forage for terrestrial insects during the
day, they are particularly exposed to the climate near the
ground. Tieleman and Williams (2002) measured soil surface
temperature, operative temperature of copper casts coveredwith
the feathers and skin of a Hoopoe Lark, and Ta during the sum-
mer in Mahazat (Fig. 7). By 9 am, Te and soil surface tempera-
ture had exceeded the normal body temperature of larks
meaning that as they foraged, they were likely gaining heat from
the environment. Hence, their body temperature must increase,
or they need to dissipate heat in other ways. During midday,
Hoopoe Larks were forced into the shade of acacia trees where
they often pressed their body to the ground (soil tempera-
ture = 37 C) to conduct heat away from their body.
To explore how Hoopoe Larks managed their Tb in the de-
serts of Saudi Arabia, Tieleman, Williams, and Shobrak (un-
publ.) measured the Tb of Hoopoe Larks in Mahazat duringthe summer using temperature sensitive radio transmitters im-
planted in the bird’s peritoneal cavity. Body temperature of
Hoopoe Larks reached 45 C during midday, near their upper
lethal limit. Given that these birds already employ various
behaviors to regulate their Tb, such as going into the burrow
of Uromastyx lizards during midday (Williams et al., 1999),
it is hard to imagine them developing new behavioral reper-
toires for this purpose. To control Tb below lethal limits, dur-
ing periods of extreme heat, one might imagine that desert
birds will increase their evaporative water losses to control
their Tb, but this will impose severe constraints on their water
budget. Over the long term desert birds will likely be forced to
further reduce their evaporative water losses, especially water
loss through their skin (Williams et al., 2012). How desert birds
will resolve these conﬂicting demands of water shortage and
thermoregulation remains unknown. This could be a subject
of proﬁtable research by scientists in Saudi Arabia.
11. Conclusions
The earth’s temperature is warming. It is predicted that ani-
mals in Saudi Arabia will experience a 3–5 in Ta over the next
century. We have explored the body temperature of four spe-
cies of desert animals, Oryx, Uromastyx, lappet faced vultures,
and hoopoe larks, and have shown that in many cases Tb is al-
ready close to the upper lethal limit in these species. Allowing
their Tb to increase as Ta increases in Saudi Arabia is likely not
an option. Hence we argue that global warming will have a
detrimental impact on all four of these species. These data
should serve as base-line information on body temperature
of animals in the Kingdom for future scientists in Saudi Arabia
as they explore the impact of global warming on animals. Fi-
nally we end the paper by pointing out how little we know
about the ability of animals to adjust to higher Ta or Tb,
and a plea for scientists in Saudi Arabia to study the impact
of increasing Ta on animals in the Kingdom.Acknowledgments
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